A general method for fabricating nanomaterials based solid-contact ISEs is developed. The mixture of an ionic liquid and a nanomaterial is used as intermediate layer.
Introduction
Ion-selective electrodes (ISEs) are most widely used chemical sensors in clinical diagnostics, process control and environmental monitoring due to their intrinsic advantages including excellent selectivity, low cost, ease of use, and high reliability [1] [2] [3] . Among these, solid-contact ISEs which eliminate the internal solution and are easily miniaturized have been recognized as the means by which the next ISE generation will be constructed. Solid-contact ISEs, known as coated-wire electrodes (CWEs), were introduced many years ago [4] . However, such electrodes lack long-term stability and they are only useful in specific applications such as chromatographic detectors [5] or in flow-injection analysis [6] . Potential instabilities of CWEs have been mainly attributed to the lack of a well-defined redox couple and the formation of a water layer at the membrane-metal interface [7] . The historical problem of poor potential stability between the ion-selective membrane and the conducting wire has been largely solved by the introduction of conducting polymers [8] such as poly(3-octylthiophene) (POT) [9, 10] , polypyrrole (PPy) [11] , polythiophene [12] , polyaniline [13] , and poly (3,4-ethylenedioxythiophene) [14] as ion-to-electron transducers. Although the ISEs based on these transducing materials show benefits compared to those of traditional ISE with an internal solution, they also suffer from some drawbacks such as sensitivity to light, O 2 , CO 2 , and pH [3] .
In recent years, nanomaterials have been extensively studied and widely exploited in chemsensors and biosensors, since they possess some unique chemical, physical and electronic properties that cannot be achieved by their bulk counterparts [15] . Especially, the exceptional electrical properties such as the high charge transfer, the extraordinary electrical capacities and good hydrophobicity make them suitable as transducing components in potentiometric sensors [16, 17] . Recently, many nanostructured carbon materials including fullerene [18] , graphene [19, 20] , carbon nanotubes (CNTs) [21] [22] [23] , three-dimensionally ordered macroporous (3DOM) carbon [24] and colloid-imprinted mesoporous (CIM) carbon [25] have been utilized as ion-to-electron transducers in solid-contact ISE. The electrodes based on these nanomaterials as transducers exhibit excellent response performances such as long-term potential stability, and insensitivity to O 2 . It has been well known that the transducer layer of solid-contact ISEs based on nanomaterials is usually formed by drop casting a suspension solution of nanomaterial onto the surface of the inner electrode (e.g., glassy carbon electrode, GCE) which is followed by heating the electrode surface to evaporate the solvent with a hot air stream or an infrared lamp. In order to obtain a homogeneous coverage of nanomaterials on the surface of the electrode, these processes have to be repeated for many times [18] [19] [20] [21] [22] . It is clear that such fabrication processes are somewhat complicated and time consuming. In addition, nanomaterials can easily peel off from the electrode surface owing to the poor adhesion between these nanomaterials and the surface of the GCE. This poses serious limits to their use in solid-contact ISEs.
Ionic liquids (ILs) refer to liquids composed entirely of ions that are fluid around or below 100 C. They possess unique features, such as low volatility, tunable viscosity, high conductivity, large electrochemical window and low toxicity. These properties make ILs particularly suitable for their use in electrochemical sensors [26] [27] [28] [29] .
Herein, we propose a simple and robust approach for fabricating solid-contact ISEs based on nanomaterials as transducers. The transducer layer can be prepared by simply spreading the IL and nanomaterial composite on the GCE. Tetradodecylammonium tetrakis(4-chlorophenyl) borate (ETH 500) with a melting point of 79 C, is a kind of IL but not a room-temperature IL. ETH 500 is utilized to provide strong adhesion between the GCE and the nanomaterial layer. In this work, single-walled carbon nanotubes (SWCNTs) and graphene have been chosen as the models of nanomaterials since they have been extensively used as solid contacts in potentiometric sensors. The chemical structure of ETH 500 and schematic structures of SWCNTs and graphene are shown in Scheme 1. By using the proposed approach, solid-contact Cu 2+ and Pb
2+
-selective electrodes based on ETH 500/SWCNTs and ETH 500/ graphene as ion-to-electron transducers, respectively, have been fabricated. It shows that the proposed approach offers a simple way for fabrication of reliable and high-performance solid-contact ISEs based on nanomaterials as ion-to-electron transducers.
Experimental

Reagents
The ionophores in deionized water and then diluted to various concentrations of working solutions with deionized water prior to measurements.
Apparatus
All measurements of electromotive force (EMF) were performed at 20-21 C using a PXSJ-216 pH meter (Leici, Shanghai) in the galvanic cell: saturated calomel electrode (SCE)//0.1 M LiOAc/ sample solution/ISE membrane/nanomaterial layer/GCE. The external reference electrode employed was a double-junction Scheme 1. Chemical structure of ETH 500 and the schematic structures of SWCNTs and graphene. SCE with 0.1 M LiOAc as a bridge electrolyte. Selectivity coefficients were determined by the separate solution method [30] . The EMF values were corrected for the liquid-junction potentials with the Henderson equation. The activity coefficients of ions were calculated from the modified Debye-Hückel equation [31] .
Electrochemical impedance spectroscopy (EIS) measurements were performed by using a CHI 760C electrochemical workstation (Shanghai Chenhua Instruments, China) with a three-electrode configuration. The reference electrode was an Ag/AgCl (3 M KCl), and the auxiliary electrode was a platinum wire. The impedance spectra were recorded at open-circuit potential in deaerated 0.1 M CuCl 2 solution with the excitation amplitude of 10 mV and a frequency range of 100 kHz-0.3 Hz by using a sinusoidal excitation signal.
Preparation procedures
Different membrane cocktails were prepared by dissolving 360 mg of components in 2.5 mL of THF:ETH 1062 (1 wt%, 11.3 mmol kg À1 ), NaTFPB (1 wt%, 10.9 mmol kg The fabrication procedure for the solid-contact ISEs based on ETH 500/nanomaterials was described as follows: (1) GCE was polished with 0.3 mm alumina slurries and rinsed with water, then dried with acetone, and left in CH 3 Cl 3 for 10 min. Finally, the resulting GCE was inserted into a piece of matched PVC tubing at the distal end. (2) 15 mg of ETH 500 and 1 mg of SWCNTs or graphene were fully mixed. The mixture was spread onto the electrode surface and heated by an infrared lamp placed 5 cm above the electrode for 10 s to melt ETH 500 and then left to cool. A uniform composite layer with strong adhesion to the GCE surface was obtained. (3) 50 mL of the membrane cocktail was drop-cast onto the transducer layer and allowed to dry for 2 h. The CWEs were prepared by the similar procedure except for omission of solid contacts.
The conventional solid-contact electrodes using nanomaterials as transducers were fabricated according to Rius's method with some modifications [21] . Briefly, 0.5 mg of nanomaterials were dispersed in 10 mL DMF by sonication for 4 h, and then 40 mL of nanomaterials/DMF solution was drop-cast onto the polished GCE surface and dried by an infrared lamp. These processes were performed in 20 rounds to obtain a homogeneous coverage of nanomaterials on the surface of the electrode. Finally, 50 mL of the membrane cocktail was drop-cast onto the transducer layer and allowed to dry for 2 h.
The Cu 2+ -selective electrodes were firstly conditioned in 10 À3 M 
500/SWCNTs
We employed here a simple method for fabrication of robust solid-contact ISEs using SWCNTs as transducer. The transducer layer was prepared by simply spreading ETH 500 and SWCNTs mixture in the presence of a heat source onto the GCE surface and melting ETH 500. After cooling, a robust transducer layer was achieved. The micrographs of the mixture of ETH 500 and SWCNTs before heating and after cooling were characterized by scanning electron micrography (SEM). The SEM images are shown in Fig. S1 in the Supporting information. As shown, a solid powder mixture is obtained before heating, while a uniform layer is formed on the electrode surface after cooling. The solid-contact Cu 2+ -ISE based on this method was constructed as model system. The potential response associated with the proposed Cu 2+ -selective sensor is shown in Fig. 1 . Clearly, the electrode based on ETH 500/SWCNTs exhibits excellent response performance. The calibration plot was recorded over a range between 1.0 Â 10 À4 and 1.0 Â 10 À10 M. The proposed electrode shows a Nernstian response of 29.8 mV/decade over a wide concentration range of 1.0 Â 10 À4 to 1.0 Â 10 À8 M with a detection limit of 4.0 Â 10 À9 M (calculated as the intersection of the two slopes). In addition, it can be also seen that the proposed electrode functions equivalently, in terms of the copper response, to the conventional SWCNTs based ISE with a detection limit of 4.0 Â 10 À9 M (Fig. 1b) . Thus, it can be demonstrated that the introduction of the ion-to-electron transducer based on ETH 500/ SWCNTs does not affect the potential response performance of the solid-contact ISE. Additionally, the ETH 500/SWCNTs based solidcontact electrode exhibited a fast response time of 10 s. It can be deduced that the elimination of an inner solution favors the response time of the solid-contact electrode [32, 33] . The selectivity coefficients of the ETH 500/SWCNTs based Cu 2 + -ISE for interfering ions were determined by the separate solution method to eliminate the influence of the inherent sensitivity limit on the ISE response toward discriminated ions [30] . The results are summarized in Table 1 . It can be seen that the potentiometric selectivity coefficients of the proposed solid-contact electrode are comparable to those of the conventional liquid-contact electrode based on the same ionophore [34] .
Water film test and long-term stability
Potentiometric water film test was performed to evaluate the formation of an aqueous layer between the Cu 2+ -selective membrane and the ETH 500/SWCNTs layer. To test for the presence of a water layer, the ISEs were first conditioned in a solution of the primary ions and then the sample was replaced with a solution of the interfering ions [35] . A control experiment was performed by using the CWE. The results for the water film test are shown in Fig. 2 . As can be seen, a negative EMF change of ca. 180 mV is observed for both electrodes upon replacing the CuCl 2 solution with the NaCl solution. Such EMF change reflects the change in the outer phase boundary potential as a consequence of the selectivity behavior of the Cu 2+ -selective membrane [21] . In this process, an obvious positive potential drift is observed for the CWE, while the electrode based on ETH 500/SWCNTs exhibits a stable potential response. It has been well known that the positive drifts are indicative of the presence of a water layer between the membrane and the solid contact [7] . Thus, it can be demonstrated that the undesirable water layer could be successfully eliminated by the intermediate layer of the proposed electrode. The high hydrophobicity of the ETH 500/SWCNTs based transducer layer may lead to the absence of the water film.
The potential stability of the proposed solid-contact Cu ) is observed after continuous use for two weeks. Note that the E values of the proposed electrode were found to be changeable during this period, probably due to the generation of the reduced and oxidized species (e.g., O 2 ) and the water absorption of the solvent polymeric membrane [36] . The detection limit increased by ca. half an order of magnitude after 3 weeks. This long-term stability of the proposed sensor might be due to the fact that the high lipophilicity of SWCNTs, and the physically robust nature and good adhesion properties of ETH 500 prohibit the formation of the detrimental water layer. These results suggest that the proposed solid-contact ISEs exhibit an excellent potential stability.
In addition, the proposed electrode was found to show a good reproducibility. For 100 nM Cu 2+ , the relative standard deviation (RSD%) of six different electrodes was found to be 1.6%. Furthermore, the influence of O 2 on the potential stability of the proposed solid contact electrode was investigated in a stirred solution of 10 As can be seen, the electrode based on ETH 500/SWCNTs as the solidcontact layer is insensitive to O 2 , while the CWE shows a potential drift of over 20 mV when O 2 is introduced into the sample. This further confirms the inherent advantages of ETH 500/SWCNTs acting as the solid-contact transducer.
Characterization by EIS
The EIS measurements were applied to characterize the proposed electrode. Fig. S3 (see Supporting information) shows the impedance plots of the GCE/ETH 500/SWCNTs recorded in 0.1, 0.05, 0.01 M CuCl 2 solutions. All the impedance spectra are dominated by a near 90 capacitive line. A slight deviation from the capacitive line is found at the high frequencies, indicating the fast charge transfer at the GCE/ETH 500/SWCNTs and ETH 500/ SWCNTs/solution interfaces as well as the ETH 500/SWCNTs layer [32] . Additionally, the values of high-frequency intersection with the Z 0 axis depend highly on the electrolyte concentration, indicating that the measured impedance is primarily the solution resistance but not the resistance of the ETH 500/SWCNTs layer. It can be also seen that the values of low-frequency impedance (ÀZ 00 ) increase with decreasing the concentrations of the electrolyte. According to the equation C = À1/(2pfZ 00 ) (where f is the frequency and Z 00 is the imaginary part of the impedance), it can be deduced that the bulk capacitance decreases with decreasing the electrolyte concentration, which is consistent with the previous report [37] .
The EIS response of all systems was modeled using ZSimpWin Version 3.10 software, and an equivalent circuit (see Fig. S4 in the Supporting information) was employed in the circuit modeling. The values of the respective resistances, capacitances and n-factors are summarized in Table S1 in the Supporting information. The impedance behaviors of ETH 500/SWCNTs based Cu 2+ -ISE and the CWE are compared in Fig. 4 . As shown in Table S1 and Fig. 4 , the resistance, which is equal to the bulk membrane resistance coupled with the contact resistance between the electrode substrate and the ISE membrane, decreases from 0.74 to 0.49 MV with the presence of the ETH 500/SWCNTs layer which facilitates the charge transport at and the respective interfering cation in the Nernstian response range AE SD. the interface. At the low frequencies, a large semicircle is found at the EIS of the CWE, indicating a large charge-transfer resistance with a small capacitance at the "blocked" interface of the CWE. The negligible of low-frequency semicircle in the case of the solidcontact ISE shows that the ETH 500/SWCNTs contact increases the low-frequency capacitance and facilitates the ion-to-electron transduction between the electrode substrate and the ion-selective membrane [38] .
Further application
The satisfactory results obtained for Cu 2+ -ISE motivated us to test similar systems using other nanomaterials as solid contacts in order to develop a general and simple strategy for fabrication of robust solid-contact electrodes based on nanomaterials. As a further example, solid-contact Pb 2+ -selective electrode based on ETH 500/graphene as ion-to-electron transducer was fabricated. The time-dependent EMF response traces and calibration curves of the Pb 2+ -selective electrodes are shown in Fig. 5 . It can be seen that the lead electrode based on the proposed transducer (ETH 500/graphene) shows a 1.8 Â 10 À9 M detection limit and Nernstian response slopes as well, which is essentially identical to the conventional solid-contact Pb 2+ -selective electrode using graphene as transducer which exhibits a 1.7 Â 10 À9 M detection limit. indicates that a water film was formed between the GCE and the solid contact. However, no such drift was found when using the ETH 500/graphene as the solid-contact layer. This demonstrates that the water layer was also eliminated by the highly hydrophobic ETH 500/graphene layer. This result further confirms the utility of the proposed approach.
Conclusions
In this work, a simple and robust approach for fabrication of the solid-contact ISE using nanomaterials has been proposed. The method is based on the combination of the excellent properties of the nanomaterials and the good adhesion ability of the ionic liquid of ETH 500. Compared to the CWEs, the proposed solid-contact ISEs based on ETH 500/SWCNTs and ETH 500/graphene as transducers exhibit significantly improved potential stability. In addition, the electrodes demonstrate excellent sensing properties including a wide dynamic response range, fast response time and long-term stability. The proposed approach can be extended to the development of solid-contact sensors based on other nanomaterials. It is anticipated that such a simplified preparation procedure will make it possible for other researchers to more easily develop and apply potentiometric sensors based on nanomaterials. Inset: corresponding potentiometric response curves. -ISE based on ETH 500/graphene as transducer layer (a) and the CWE (b). At t = 2 h the solution of the primary ion (10 À5 M Pb(NO 3 ) 2 ) was replaced with 10 À1 M NaCl, which, in turn, was replaced with the initial solution at t = 5 h.
